
CO HYDROGENATION OVER RHODIUM FOIL AND SINGLE CRYSTAL CATALYSTS: 

CORREUTIONS OF CATALYST ACTIVITY, SELECTIVITY, AND SURFACE COMPOSITION 

D. G. Castner,* R. L. Blackadar, and G. A. Somorjai 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 
and Department of Chemistry, University of California, 

Berkeley, California 94720 

*Present address: Chevron Research Company, P.O. Box 1627, Richmond, 
California,94802 

ABSTRACT 

CO hydrogenation at 6 atm over polycrystalline Rh foil and single crys- 

tal Rh (111) catalysts was investigated in a system where the surface struc- 

ture and composition of the catalysts could be characterized both before and 

after the reaction. The reaction conditions ( H  :CO ratio, reaction tempera- 

ture, and surface pretreatment) were systematically varied to determine the 

optimum conditions for formation of oxygenated hydrocarbons. Initially clean 

Rh catalysts showed no structure sensitivity, primarily produced methane 

(90 wt%) at an initial rate of 0.15 molecules site-lsec-’ at 3OO0C, and did 

not produce detectable amounts of oxygenated hydrocarbons. Preoxidation of 

the Rh catalysts (800 Torr 02,  6OO0C, 30 min.) resulted in dramatically in- 

creased initial rates, a larger fraction of higher molecular weight hydrocar- 

bons, some structure sensitivity, and formation of methanol, ethanol, and 

acetaldehyde. 

dized foils indicate that the methanation mechanism is different on these two 

surfaces. 

C H to C H ratio and shifted the product distribution towards higher mole- 

cular weight hydrocarbons. 

2 

The different Arrhenius parameters over the clean and preoxi- 

Decreasing the reaction temperature or H2:C0 ratio increased the 

2 4  2 6  
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INTRODUCTION 

Reaction of H -CO mixtures over t he  Group VI11 metals u sua l ly  y i e l d s  a 2 

wide range of products ,  inc luding  a lkanes ,  a lkenes ,  and oxygenated hydrocar- 

bons. I n  recent  s t u d i e s ,  

t i v i t y  f o r  production of t h e  two-carbon oxygenated spec ie s  acetaldehyde, 

a c e t i c  ac id ,  and e thanol .  S imi l a r  s e l e c t i v i t y  was shown at  1 a t m  on ca ta -  

l y s t s  prepared by depos i t i ng  Rh c l u s t e r s  on bas ic  metal This 

con t r a s t s  with r e s u l t s  f o r  Rh and Rh supported on A 1  0 j , ( 6 )  over 

which no oxygenated hydrocarbons were formed a t  1 atm. A need the re fo re  

e x i s t s  f o r  s tudying  CO hydrocarbons over wel l -charac te r ized  Rh a t  e leva ted  

pressures ,  under a v a r i e t y  of r eac t ion  condi t ions  and su r face  pre t rea tments ,  

t o  determine t h e  cond i t ions  necessary f o r  oxygenated product s e l e c t i v i t y .  

We have measured r e a c t i o n  r a t e s  and product d i s t r i b u t i o n s  over c l ean  and pre- 

oxidized Rh f o i l  and Rh( l l1 )  c r y s t a l  su r f aces  at  6 atm and 250-4OO0C, with 

H :CO r a t i o s  of 3:l t o  1:3. Sur face  s t r u c t u r e  and chemical composition were 

charac te r ized  us ing  low-energy e l e c t r o n  d i f f r a c t i o n  (LEED) and Auger e l ec t ron  

spectroscopy (AFS). 

Rh ca t a lys t s .  

Rh supported on Si02  showed a unique se lec-  

2 

The r e s u l t s  w i l l  be compared t o  previous r e s u l t s  on 

EXPERIMENTAL 

The appara tus  and technique employed i n  these  experiments a r e  described 
c\ 

elsewhere.(j '  " B r i e f l y ,  t h e  r eac t ion  c e l l  is loca ted  i n s i d e  a n  u l t ra -h igh  

vacuum (UHV) chamber t o  a l low ion  s p u t t e r  c leaning  and su r face  cha rac t e r i za -  

t i o n  by LEED and AES immediately before and a f t e r  reac t ion .  

t he  c e l l ,  f i r s t  t he  H2 (99.9995% p u r i t y )  and then t h e  CO (99.99% p u r i t y ,  

Af t e r  c los ing  
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Fe and Ni carbonyls removed in a dry ice trap) were admitted and circulated 

in the closed loop. Allowing a few minutes for mixing at room temperature, 

the reaction was then started by heating the Rh sample resistively. 

buildup of products was monitored by a gas chromatograph using a Chromasorb 

102 column and flame ionization detector. The reaction was stopped after 

times ranging up to 3 hr, by cooling to room temperature and pumping down to 

UHV, to measure changes in surface composition. 

The 

2 For preoxidized samples, the surface was heated to 6OO0C in 1 atm 0 

for 30 minutes inside the reaction cell. During this treatment, an epitaxial 

oxide was formed, and oxygen also dissolved into the bulk. The oxide layer 

was amorphous and had an 0 510/F&jo2 AES peak intensity ratio of 0.5 to 0.6, 

although ratios up to 2.6 were obtained by oxidizing carbon-covered surfaces. 

The initial turnover numbers ( T N )  were determined from a least squares 

fit to the initial slope of the product concentration vs. time curves. In 

the calculation, the atom density of the %(Ill) surface (1.6 x IOl5 atoms 

was used as the active site density. The same figure was also used for pre- 

oxidized samples, thus ignoring possible increases in surface area as well as 

a reduced Rh surface density on the oxide. 

RESULTS 

Fig. 1 shows the-buildup of products during a typical run on clean Rh at 

300°C and 3H2:1C0. 

Under the above conditions, CH4 was the main product (90 wt%) with initial 

TN 0.15 molecules site-'set- . C2 and C hydrocarbons were formed, but no 

oxygenated hydrocarbons were detected. All rates of product formation, ex- 

Results on the clean Rh foil and %(Ill) were identical. 

1 
3 
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cept  C2H6, dec l ined  over  t h e  course  of t h ree  hours. 

and a f t e r  r eac t ion ,  i n  F ig .  2, show t h a t  small amounts o f  S and C1 and a mono- 

l a y e r  of C b u i l t  up on t h e  su r face  during CO hydrogenation. 

s i t ies  f o r  these  impur i t i e s  remained nea r ly  cons tan t  a f t e r  t h e  f i r s t  30 minute 

minutes,  a l though the  r e a c t i o n  r a t e s  continued t o  dec l ine .  

t h e  Rh and Rh302 peaks  prevented A E S  l ineshape  a n a l y s i s  t o  determine 

t h e r  t he  carbon s t a t e  w a s  changing dur ing  t h i s  time. 

The AES s p e c t r a  before 

AFS peak in ten-  

The proximity of 

whe- 
256 

Preoxida t ion  of t h e  Rh(ll1) c r y s t a l  ( s ee  Figs.  3 and 4) g r e a t l y  increased 

t h e  i n i t i a l  T N ' s ,  s h i f t e d  product d i s t r i b u t i o n  s l i g h t l y  t o  h ighe r  molecular 

weight, and r e s u l t e d  i n  the  appearance of t h e  oxygenated products methanol, 

e thano l ,  and acetaldehyde. The marked decrease  i n  TN's dur ing  t h e  f i r s t  30 

minutes coincided with r a p i d  l o s s  of t h e  e p i t a x i a l  oxide. 

t h e  near-surface oxygen concent ra t ion  reached a low s t eady- s t a t e  va lue ,  as 

shown i n  Fig. 5. Methane w a s  s t i l l  formed at  a h ighe r  r a t e  on t h e  steady- 

s t a t e  su r face  wi th  oxygen than on the  c lean  sur face .  

were formed during t h e  e n t i r e  t h r e e  hours.  

t o  a f u r t h e r  s h i f t  toward h ighe r  molecular weight and an inc rease  i n  the  C H 

t o  C2H6 r a t i o ,  as shown i n  F igs .  6 and 7. 

aldehyde was t h e  only oxygenated hydrocarbon produced. Also, two t o  four  

monolayers of carbon were depos i ted  on the  preoxid ized  Rh dur ing  CO-rich runs 

a t  3OO0C, probably account ing  f o r  t he  increased  poisoning r a t e  (Fig.  6 ) .  

A f t e r  t h i s  pe r iod ,  

Oxygenated products  

Decreasing t h e  temperature l e d  

2 4  

During t h e  CO-rich r eac t ions  a c e t -  

Resuits f o r  preoxidized Rh f o i l  were s i m i l a r  t o  those fo r  preoxidized 

Rh(lll) except for a s m a l l  s t r u c t u r e  s e n s i t i v i t y  shown i n  a lower CH4 TN and 

l a r g e r  C2H4 t o  C2H6 r a t i o .  

oxygenated products.  

ox id ized  f o i l  than on preoxid ized  Rh(lll), giv ing  a faster poisoning  r a t e .  

Also,  e thanol  formed a smaller f r a c t i o n  of t he  

In  CO-rich runs ,  more carbon w a s  depos i ted  on t h e  pre- 
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The activation energy for methanation was found to be 12 kcal/mole on preoxi- 

dized foil, half the value (24 kcal/mole) found on clean Rh foil. (5) 

DISCUSSION 

Preoxidation of the Rh surfaces markedly changes their activity and selec- 

tivity, indicating that the chemical environment of the Rh atoms is important 

in determining their catalytic properties. 

bility of supported Rh catalysts depending on their 

CH4 formation rate depends directly on the oxygen concentration in the near- 

surface region, as shown in Table I. The lowest initial CH4 production rate 

is obtained during CO hydrogenation over clean catalysts and the highest over 

the catalyststwith an epitaxial oxide. 

oxidized surface which are flashed in vacuum prior to CO hydrogenation, 

resulting in a low near-surface oxygen concentration. (lo) The fact that C02 

hydrogenation gives a higher CH4 TN than CO hydrogenation under the same reac- 

tion conditions suggests that C 0 2  oxidizes the catalysts during hydrogenation. 

This is consistent with the varia- 

The 

An intermediate value is given by per- 

( 5 )  

C02 has been shown to dissociatively adsorb on Rh surfaces, (839,ll) and an 

oxygen AES signal was detected in the early stages of C02 hydrogenation over 

Fe . (12) 

The changes in Arrhenius parameters, shown in Table 11, strongly indicate 

that a change in mechanism is the cause of the increased CH4 TN on preoxidized 

surfaces. In particular, a simple effect of surface area or active site den- 

sity can be ruled out. The activation energy on the oxygen-treated surface 

is 12kcal/mole, half that on the clean surface, 24 k~al/mole,(~) and within 

experimental error of the value for C02 hydrogenation on clean Rh. This again 
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sugges ts  ox ida t ion  by t h e  C02. Preexponential  f a c t o r s  show a similar trend. 

The e f f e c t  of i nc reas ing  pressure  from 1 a t m  (5)  t o  6 atm ( t h i s  s tudy)  

was minor. The C H t o  C H r a t i o  was smal le r ,  presumably the  r e s u l t  of the 

h igher  H p a r t i a l  p re s sk re  inc reas ing  o l e f i n  hydrogenation. Also,  t h e  poison- 

ing  observed i n  t h i s  s tudy  at 6 atm w a s  no t  observed at 1 atm. 

e f f ec t  of S and C1 i m p u r i t i e s ,  or deac t iva t ion  of C over layers ,  is  enhanced a t  

high pressure .  

1 a t n ~ ' ~ )  and agrees  we l l  wi th  f ind ings  f o r  supported Rh c a t a l y s t s  which produce 

hydrocarbons. (1 '2 '6 )  This i n d i c a t e s  t h a t  me ta l l i c  Rh o r  a complex of Rh and C 

is ac t ive  i n  hydrocarbon formation, bu t  t h a t  t hese  su r faces  do not provide  t h e  

condi t ions  necessary f o r  oxygenated hydrocarbon formation, suggesting t h a t  a 

h igher  Rh oxidation s t a t e  may be c r u c i a l  t o  t h i s  process.  Production of oxy- 

genated hydrocarbons a f t e r  t h e  near-surface oxygen concent ra t ion  reaches steady- 

s t a t e  i nd ica t e s  t h a t  CO is  t h e  source of oxygen i n  these  products ,  bu t  bulk 

oxygen d i f fus ing  i n t o  the near-surface reagion is another  poss ib l e  source.  

a r e  undertaking i s o t o p i c  l a b e l i n g  s t u d i e s  t o  reso lve  t h i s  question. 

2 4  2 6  

2 

Poss ib ly  the 

Behavior a t  6 atm is i n  o the r  r e s p e c t s  similar t o  t h a t  at  

We 

Varying the  temperature and H2:C0 r a t i o  produces r e s u l t s  t h a t  fo l low the 

t r ends  pred ic ted  f o r  a mixture of products  i n  equilibrium,(13) t h a t  is, higher 

molecular weight and more unsa tura ted  or oxygenated products a r e  favored at 

low temperature,  and t h e  hydrogen-poor spec ies  C2H4 and CH CHO a r e  favored 

a t  low H2:C0 r a t i o .  Thus thermodynamicsseemsto have relevance even though 

t h e  o v e r a l l  CO-H conversion t o  any of t he  products  is f a r  from equilibrium 

i n  o u r  experiments. A p o s s i b l e  explana t ion  is t h a t  an i n i t i a l  slow s t e p  i n  

t h e  mechanism is followed by r ap id  combination and p a r t i a l  e q u i l i b r a t i o n  of 

hydrocarbon fragments. 

3 

2 
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Table I. Comparison of initial methanation TN for CO and C02 hydrogenation 

in a batch reactor at 300OC over Rh and Fe catalysts. 

in molecules site sec. 

Methane TN is 

-1 -1 

Reaction Surface Initial CH4 
Conditions Pretreatment TN at 30OoC Ref. Catalyst 

Rh foil 

Rh foil 

Rh foil 

Rh(ll1) 

Fe foil 

Fe foil 

0.92 atm 

3 ~ ~ :  1co 

0.92 atm 
3H2: 1C02 

6 atm 
3H2:1CO 

6 atm 
3H2: IC0 

6 atm 
3H2: IC0 

6 atm 
3H2: IC0 2 

clean 

preoxidized (a) 

clean 
preoxidized (a) 

clean 

preoxidized (b) 

clean 

preoxidized (b) 

clean 
preoxi dized (C) 

clean 

0.13 

0.33 

0.33 
1.7 

0.15 

1.7 

0.15 

4.6 

1.9 
18.7 

10.9 

(5) 
(5) 

(5) 
(5) 

this 

study 

this 

study 

(12) 

(12) 

(12) 

(a) 15 min at 3OO0C in 700 T o r r  02, then heated to 1000°C in vacuum. 

(b) 30 min at 600Oc in 800 Torr 02. 

(c) 20 min at 300°C in 4 atm 02. 
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Table 11. Comparison of the Arrhenius methanation parameters (TN = A 

for CO and CO 

TN and A are molecules site- sec 

hydrogenation over polycrystalline Rh foils. Units for 2 
1 -1 . Ea is in kcal/mole. 

Reaction Surface CH4 TN 
Ref. Ea A Conditions Pretreatment at 3OO0C 

0.92 atm 
3H2:1C0 clean 

0.92 atm 
3H2: 1C02 clean 

6 atm 
3~~ : 1c02 preoxidized(b) 

0.13 i 0.03 10 (a) 24 i 3 (5) 

(a) determined from data in Ref. (5).  
(b) 30 min. at 6OO0C in 800 Torr 02. 
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1401 1 I I I I I I I I 1 I 1 

3 H2: I CO, 6 atm 

0 30 60 90 I20 150 
Time (minutes) 

X BL794- 6130 

Fig. 1. Buildup of t h e  GI t o  C 3 
t i o n  over i n i t i a l l y  c l ean  Rh f o i l  o r  & ( I l l )  c a t a l y s t s  at  6 atrn, 

300°C, and 3H2:1C0. 

hydrocarbon products  during GO hydrogena- 
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NIE: 

Rh 

( a )  
Clean rhodium 

(b) 

4fter 3 hr at 3OO0C 
3 H,: I CO, 6 a t m  

- 
3 0  200 300 400 500 60( 

Energy (eV) 
XBL 797- 66 55 

Fig. 2. A B  s p e c t r a  of  t h e  i n i t i a l l y  c lean Rh c a t a l y s t s  (a) befo re  and 

(b )  a f t e r  3 h r  of  CO hydrogenation a t  6 atrn, 3OO0C, and 3H2:1C0. 
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v) al 
3 
0 

- - 

;w-- 
I 

- 

320- 

- 

I I I I 1 I I 1 
0 30 60 90 120 I50 18 

Time (minutes) 
XBL794-6136 

Fig.  3 .  Buildup of t he  C1 t o  C 

t i o n  ove r  a preoxidized % ( I l l )  c a t a l y s t  a t  6 atm, 3OO0C, and 3H2:1C0. 

hydrocarbon products  during CO hydrogena- 3 
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N'(E 

a 
100 200 . 

eoxidi zed 
Rh (111) 

3 H2: I CO, 6 otm 

# X l C - - . X 2  

(C) 

fter 3hr  at 300°C 
I H2: 3 CO, 6otm 

Energy ( e V )  
XBL797-6654 

Fig .  5. AES s p e c t r a  of t h e  preoxidized Rh(ll1) c a t a l y s t  ( a )  before  and 

(b)  a f t e r  3 h r  of CO hydrogenation at  6 atm, 3OO0C, 3H2:1C0, o r  

(c) a f t e r  3 hr of C O  hydrogenation a t  6 atm, 3OO0C, 1H2:3C0. 
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3 ti2: I CO, Gatm 
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05K)/Rh302 =0.5 
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- 
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Rh(l l l )  
I Hi 3 CO, 6 atm 
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Preoxidized Rh (111) 
0510/Rh302=0.6 
I H2 3 CO, 6 atm 

300 *c 

Preoxidized Rh (111) 

I H i 3 C O . 6 0 t m  
250’C 

% ~ 1 0 / ~ ~ 3 0 2  =0.5 

XB L 79746 53 

~ i ~ .  6. Buildup of C1 to C 

Over a preoxidized Rh(ll1) catalyst at 6 atm, 25OoC, and 1H2:3C0. 

hydrocarbon products during CO hydrogenation 4 
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Fig. 7 .  The product distributions in weight percent after 2 hr of CO hydro- 

genation over pretreated Rh(ll1) catalysts at various reaction con- 

ditions. See Fig. 4 for explanation of symbols. 
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